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The thermal stability and dewetting effects of crystalline organic thin films on inorganic substrates
have been investigated for a model system for organic epitaxy, 3,4,9,10-perylenetetracarboxylic
dianhydride ~PTCDA! on Ag~111!. The thin films deposited under a variety of growth conditions
have been annealed stepwise and studied by in situ x-ray diffraction and noncontact atomic force
microscopy. It has been found that comparatively smooth films deposited at temperatures Tg
&350 K are metastable, while films deposited at Tg*350 K are stable against annealing on a time
scale of several hours. The thermal expansion of thin PTCDA films and bulk samples has been
determined. © 2003 American Institute of Physics. @DOI: 10.1063/1.1589471#I. INTRODUCTION
Due to their attractive electronic and optoelectronic
properties, crystalline organic semiconductors, such as oli-
goacenes, perylenes, and phthalocyanines, are presently re-
ceiving much attention. Since their performance depends
strongly on the structural definition, much effort has been
devoted to controlling the structural quality of these
systems.1,2 In view of possible applications, however, not
only the room-temperature structure, but also phenomena re-
lated to the thermal behavior, such as thermal stability, pos-
sible dewetting effects of thin films, and interdiffusion at
interfaces, need to be investigated ~see Ref. 3 and references
therein! which are generally not well understood for organic
molecular crystals and thin films.
Besides its relevance for the functioning and long-time
stability of devices, the thermal behavior offers a challenge
for the fundamental understanding of these materials. The
dewetting effects are strongly related to the crystalline struc-
ture of the material and are thus quite different from the
wetting–dewetting problems of an isotropic liquid.4 More-
over, the thermal expansion is expected to be highly
anisotropic.5 The situation is complicated due to the fact that
many organic molecular crystals may exhibit several distinct
crystal structures ~polymorphism!, which are energetically
very similar and may thus coexist. On the other hand, if the
structure formation and dewetting mechanism are under-
stood, they may be exploited for the fabrication of nanostruc-
tures, such as quantum wells or quantum dots, again, similar
to the case of inorganic semiconductors.6
In this article, the thermal stability and dewetting effects
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dianhydride @~PTCDA! see Fig. 1~a!# grown on Ag~111!
single crystals. PTCDA is considered a model system for
crystalline organic semiconductors.1,7–12 In the bulk, PTCDA
crystallizes in molecular sheets stacked in the PTCDA~102!
direction perpendicular to the molecular plane. The unit cell
contains two coplanar molecules in a herringbone structure.
The two monoclinic bulk polymorphs, a (a53.74 Å, b
511.96 Å, c517.34 Å, and b598.8°!13,14 and b (a
53.87 Å, b519.30 Å, c510.77 Å, and b583.6°!,15,16 differ
slightly in the stacking of the molecular sheets. The well-
defined sheetlike molecular stacking with the molecular
planes parallel to the substrate surface and the existence of
both polymorphs growing in the PTCDA~102! direction have
also been found in thin films of PTCDA/Ag~111!, the as-
grown structure of which has been studied in detail.7,11,12
II. EXPERIMENT
The PTCDA films studied here have been deposited by
organic molecular-beam epitaxy ~MBE! on Ag~111!.1 Prior
to deposition, the Ag substrate has been cleaned by repeated
cycles of sputtering ~30 min at room temperature, Ar1 en-
ergy 500–600 eV, Ar pressure ’631025 mbar) and anneal-
ing at ’700–900 K for at least 15 min.12 The purified and
thoroughly outgassed PTCDA has been evaporated from a
Knudsen cell kept at approximately 575 K at deposition
rates, F, between 0.8 and 6.3 Å/min. The growth tempera-
ture, Tg , has been varied between 135 and 473 K, the film
thickness between 30 and 180 Å.
After the deposition, temperature-induced changes have
been studied by noncontact atomic force microscopy ~AFM!
and by x-ray diffraction. The AFM experiments have been
performed under UHV conditions. For the x-ray experi-
ments, a portable MBE chamber equipped for in situ x-ray
diffraction has been used.17 The scattering experiments have
been performed at the Hamburger Synchrotronstrahlungsla-
bor ~HASYLAB! at the beamline W1 with the wavelength9 © 2003 American Institute of Physics
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formed at a rotating anode with molybdenum Ka radiation.
In addition, powder diffraction measurements of the thermal
expansion of the PTCDA a-phase have been recorded on a
film. For this, copper Ka radiation has been used.
III. RESULTS
The morphology of thin PTCDA films depends strongly
on the growth temperature, Tg .12 For Tg&350 K ~low-
temperature regime!, the films are relatively smooth, i.e., the
local film thickness is similar to the average film thickness,
d. For Tg*350 K ~high-temperature regime!, separate is-
lands grow on a wetting layer @see Fig. 1~b!#. In the follow-
ing, the results of the study of the thermal stability of thin
PTCDA films grown at different Tg are presented.
A. Annealing of film growth at high temperature
Several samples grown in the island regime ~large sepa-
rate islands on a 2 ML thick wetting layer! with the param-
eters F56.3 Å, d530– 180 Å, and Tg5381– 473 K have
been annealed in several steps with the step size varying
FIG. 1. ~a! PTCDA. ~b! Schematic of the morphology of a high-temperature
film. ~c! Intensity of the PTCDA~102! peak as a function of the annealing
temperature, Ta , measured for a sample with d5256 Å, Tg5384 K, and
F56.3 Å/min.Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tobetween 1 to 40 K. Typically, the samples have been kept at
each temperature for 30 min. The annealing process has been
studied by x-ray measurements of the specular rod, i.e., with
the momentum transfer q5qzez perpendicular to the sample
surface. Figure 1~c! shows examples of the PTCDA~102!
peak for a sample with d5256 Å, Tg5384 K, and F
56.3 Å/min. The sample has been cooled to 323 K, and then
annealed up to the desorption of the film. The annealing
induces no qualitative change of the Bragg peak. Since the
peak width is inversely proportional to the island height @see
Fig. 1~b!#, this indicates that the morphology of the film is
stable during the annealing process. With increasing anneal-
ing temperature (Ta) the position of the Bragg peak, qp ,
moves to smaller qz since the out-of-plane lattice parameter
(dF) of the film increases due to thermal expansion.
Figure 2 shows the lattice parameter, dF52p/qP , as a
function of the annealing temperature for various samples.
The peak position, qP , has been determined by Gaussian fits
of the Bragg peak after background subtraction. Within the
experimental uncertainty, the lattice parameter varies linearly
with Ta over the temperature range studied. The linear ther-
mal expansion coefficient perpendicular to the sample
surface,18
a’5
1
dF~298 K!
]dF
]T , ~1!
averaged over several samples grown in the high-tem-
perature ~island! regime, is a’51.0560.0631024 K21. For
the in-plane linear thermal expansion coefficient a i , we can
only make an estimate. In Ref. 12, we have shown that the
in-plane unit-cell dimensions measured at high Tg are b1
520.1160.05 Å and b2512.1660.05 Å for the PTCDA a
phase and b1519.4460.05 Å and b2512.5360.05 Å for the
PTCDA b phase. The angle between b1 and b2 is 90.060.2°
~rectangular unit mesh!. From the comparison of the unit-cell
dimensions measured at high Tg ~Ref. 12! with the rectangu-
lar room-temperature structure of the similar bulk phases, we
derive the effective linear thermal expansion a i5562
31025 K21. Despite the large error bars, this shows an an-
isotropy of the thermal expansion parallel and perpendicular
to the sample surface ~see Sec. IV!.
FIG. 2. Thermal expansion, measured for several samples along the
PTCDA~102! direction. The offset of the different measurements is due to
systematic errors. AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
3431J. Chem. Phys., Vol. 119, No. 6, 8 August 2003 Thermal stability and dewetting of organic filmsFIG. 3. Annealing of a 50 Å PTCDA film ~area of the AFM images 1.2531.25 mm2! as a function of the annealing temperature. Facets and different
morphology regions are indicated.B. Annealing of films grown at low temperature
Several PTCDA films have been grown at Tg,350 K,
i.e., with a comparatively smooth morphology. The anneal-
ing of the samples has been studied by noncontact AFMDownloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tomeasurements and by x-ray measurements of the specular
rod. While the AFM images give direct information about the
local morphology of the films, the x-ray measurements com-
bine morphological and structural information, averaged
over the sample surface. AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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In order to study the annealing behavior of a relatively
smooth PTCDA film by AFM, a sample was deposited at
Tg5135 K, with a deposition rate F50.8 Å/min and an av-
erage film thickness d550 Å. The annealing was performed
in several 30–40 K steps up to the desorption of the film ~at
approximately 500 K!. The sample was kept for typically 2 h
at each annealing temperature, Ta . The subsequent AFM
measurements were performed at room temperature.
Figure 3 shows examples for the morphology as a func-
tion of the annealing temperature. The images have a size of
1.2531.25 mm2 and are typical for the morphologies at the
respective temperature.
The as-grown morphology @Fig. 3~a!# is characterized by
islands with a lateral size of 50–200 nm ~see Ref. 12!. The
island shape is not well defined, and neighboring islands are
so close to each other that the surface looks wavy. The
roughness of the film is of the order of 2–3 monolayers
FIG. 4. Measured ~circles! and calculated ~lines! specular rod intensity as a
function of the annealing temperature.
FIG. 5. Schematic of the model used for the calculation of the specular rod
intensity. The film consists of three different regions: ~1! Islands with a
height corresponding to the average film thickness and the lattice constant
dF1 , ~2! high islands with the lattice constant dF2 , and ~3! depleted areas
with the lattice constant dF1 . The distance between the first monolayer and
the substrate, d0 , the lattice constant of the substrate, dS , and the lattice
constant of the topmost substrate layer, dS1 , are indicated.Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to~MLS!. After annealing up to Ta5343 K @Fig. 3~b!#, neigh-
boring islands become clearly distinguishable. They are mo-
lecularly flat and develop characteristic facets as indicated in
Fig. 3~b!. The island height, h, approximately equals the av-
erage film thickness, d. For Ta>373 K @Figs. 3~c! and 3~d!#,
three morphological regions are discernible: ~1! islands with
h’d and a lateral size of 50–200 nm, ~2! islands with h
’3d and a lateral size of 200–300 nm, and ~3! depleted
areas @see Fig. 3~c!#. At Ta5373 K, many of the islands
show facets, while the islands observed at Ta5433 K appear
to be isotropic.
2. X-ray studies
By way of example, we discuss a thin film with the
growth parameters Tg5235 K, F50.8 Å/min, and d
550 Å. The sample has been annealed in three steps up to
308 K, then in steps of 5 K up to desorption of the film. At
each Ta , the sample has been annealed for 15–45 min. The
specular rod measurement have been performed at Ta , after
ensuring that no changes of the Bragg peak were visible
during at least 10 min.
Figure 4 shows examples of the specular rod measure-
ments performed at different Ta . The measurements show
several characteristic features: The asymmetric shape of the
rod, the shape of the Bragg peak, and the Laue oscillations
around the Bragg peak. For Ta,358 K, the number of Laue
oscillations on either side of the Bragg reflection increases
with temperature from one to three, indicating a decreasing
roughness of the film. For Ta>358 K, the number and peri-
odicity of the Laue oscillations are independent of Ta . The
Bragg peak observed for Ta<358 K is Gaussian in shape. It
develops a second, narrower component for Ta.358 K.
The peak width of the narrow component decreases with
increasing Ta .
3. Modeling of the x-ray data
Based on the AFM observations, a model for the x-ray
data has been developed. It is assumed that the sample con-
sists of three types of mosaic blocks ~Fig. 5!: ~1! Substrate
mosaic blocks covered by a thin film with n1 monolayers and
the roughness s1 , ~2! substrate mosaic blocks covered by a
thick smooth film with n2 monolayers and a Gaussian height
distribution of different mosaic blocks with the standard de-
viation s2 , and ~3! substrate mosaic blocks with residual
coverages, un , of the individual layers. The type ~1! mosaic
blocks explain the Laue oscillations and the broad compo-
nent of the Bragg peak, the type ~2! mosaic blocks corre-
spond to the sharp component, and the type ~3! mosaic
blocks are related to the shape of the underlying crystal trun-
cation rod.
The lattice parameters and the different types of mosaic
blocks are shown schematically in Fig. 5. The thin film cov-
ers the fraction A1 of the total substrate surface, the thick
film the fraction A2 , and the residual film the fraction A3 .
100% of the sample surface corresponds to the sum of A1 ,
A2 , and A3 . The scattering functions S1(qz), S2(qz ,n), and AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 21 DTABLE I. Parameters for the modeling of measurements of the specular rod at selected steps of Ta .
Parameter
Ta (K) 298 358 393 413 468
A1 (%) 98 60 33.9 37.1 32.6
A2 (%) 0 0 5.1 2.9 5.4
A3 (%) 2 40 61 60 62
d0 (Å) 2.85 2.95 2.85 2.80 2.85
dF1 (Å) 3.252 3.258 3.273 3.281 3.302
dF2 (Å) 3.267 3.270 3.289
n1 (ML) 16 17.5 19.7 19.5 20
s1 (ML) 2.7 2.0 1.5 1.5 1.2
n2 (ML) 0 0 26 45 40
s2 (ML) 0 0 26 45 40
u1 0 1 1 1 1
u2 0 0.6 0.4 0.4 0.4
u3 0 0.5 0.4 0.3 0.4
u4 0 0.1 0.15 0.2 0.15S3(qz) of the different types of mosaic blocks are calculated
from the lattice sums of the substrate and the film, according
to the kinematic scattering theory,
S~qz!5F f S~qz!S 112e2iqzdS 1eiqzdS1D e2iqz~d01dS1!
1 f F~qz!(
k51
‘
uke
i~k21 !qzdFGe2Dqz2sS2/2, ~2!
where f S(qz) and f F(qz) are the structure factors of the sub-
strate and the film, sS is the surface roughness of the sub-
strate, dS is the lattice parameter of the substrate, dS1 is the
lattice parameter of the topmost substrate layer, dF is the
lattice parameter of the film, and d0 is the distance between
the topmost layer of the substrate and the first layer of the
film. Dqz is the deviation of qz from the nearest substrate
Bragg peak. The film morphology enters via uk , which is the
coverage of the layer k within the film described by
uk50.5F12erfS k2n1s1 D G , ~3!
for the type ~1! mosaic blocks,
uk5H 1 for k<n0 for k.n , ~4!
for the type ~2! mosaic blocks, and
uk5H >0 for k<40 for k.4, ~5!
for the type ~3! mosaic blocks. The total diffracted intensity
is
I~qz!5A2
(n~e
2~n2n2!
2/2s2
2
uS2~qz ,n !u2!
(n~e
2~n2n2!
2/2s2
2
!
1A1uS1~qz!u21A3uS3~qz!u2. ~6!
The Ag lattice parameters dS52.36 Å, dS152.34 Å, and
the substrate roughness sS50.9 Å have been determined by
modeling the specular rod of the clean substrate. The sub-ec 2006 to 134.94.122.39. Redistribution subject tostrate roughness refers to the lateral size of a mosaic block of
typically 500 Å. The observed relaxation of the first ML
corresponds to the results of studies using low-energy elec-
tron diffraction19 and medium-energy ion scattering.20
Within the experimental uncertainty, no variation of these
parameters has been observed after depositing a thin PTCDA
film. The local film thicknesses (n2 ,n1), the lattice param-
eters (d0 , dF2 , and dF1), the coverages, uk , of the type ~3!
mosaic blocks, the roughnesses (s1 and s2), and the frac-
tional areas (A1 , A2 , and A3) covered by different types of
mosaic blocks have been varied. The lattice spacing, d0 ,
between the substrate and the first ML of the film is assumed
to be the same for all types of mosaic blocks. The lattice
parameters of the thin film, the residual coverage, dF1 , and
the lattice spacing of the thick film, dF2 , are allowed to be
different.
FIG. 6. ~a! Area covered by the high mosaic blocks ~open circles!, by the
thin-film mosaic blocks ~filled circles!, and by the residual coverage mosaic
blocks ~open diamonds! as a function of the annealing temperature. ~b!
Lattice constants as a function of the annealing temperature. Filled symbols:
thin-film islands. Open symbols: high islands. AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
3434 J. Chem. Phys., Vol. 119, No. 6, 8 August 2003 Krause et al.The results of the modeling of the experimental data at
selected Ta are shown as solid lines in Fig. 4. Table I sum-
marizes the corresponding parameters. For the measurements
at Ta<358 K, only two types of mosaic blocks are required
for the modeling: The thin film and the residual coverage
mosaic blocks. For Ta.358 K, all three types of mosaic
blocks ~thin film, thick film, and depleted areas! have been
taken into account.
With increasing Ta , the ratio of the thin-film mosaic
blocks decreases from nearly 100% to approximately 30%,
their thickness increases slightly from 16 to 20 ML, and their
roughness decreases from approximately 2.7 to 1.2 ML. The
thick-film mosaic blocks develop for Ta.358 K. They cover
approximately 5% of the sample, their average height in-
creases with Ta up to three times the average thickness d,
and they have a broad height distribution ~due to the broad
distribution, the values for n2 and s2 should be treated as an
estimate!. The residual area is covered by approximately 2
ML PTCDA. The total amount of the coherently scattering
material decreases Ta<358 K and stabilizes at approxi-
mately 65% of the initial value. We always find d0
’2.85 Å, independent of Ta , which is less than both dF1
and dF2 . d0 is comparable to 0.5(dS1dF)’2.80 Å. The lat-
tice constants dF1 and dF2 , with dF1.dF2 , increase with
Ta , as shown in Fig. 6.
C. Thermal expansion of bulk a
3,4,9,10-perylenetetracarboxylic dianhydride
Figure 7 shows two powder spectra taken at 468 and 293
K, respectively. Each spectrum averages over 10 K due to the
integration over an area of the film used for detecting the
x-ray spectra. From the measurement, we have derived the
thermal expansion coefficients a55.4760.3931025 K21 in
the @011# direction, a56.7160.4431025 K21 in the @012#
direction ~both directions are nearly in the molecular plane!,
and a51.24060.02231024 K21 in the @102# direction
~which is the stacking direction of the molecules!. Though
we cannot exclude possible systematic errors of at most 0.2
31024 K21 due to the misalignment of the film, the anisot-
ropy of the thermal expansion parallel and perpendicular to
the molecular plane is clearly visible.
FIG. 7. Powder spectra of a bulk sample of a PTCDA; ~a! measured at 468
K and ~b! measured at 293 K. The PTCDA ~011!, ~012!, and ~102! peaks are
indicated.Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject toIV. DISCUSSION
As will be shown, the initially smooth low-temperature
PTCDA films are metastable while the high-temperature is-
land films are stable. In the following, both cases are dis-
cussed in detail.
The AFM data show that the relatively smooth PTCDA
films grown at Tg&350 K are thermally unstable. The mor-
phology changes from a film with a comparatively homoge-
neous height distribution to an inhomogeneous island distri-
bution. A comparison with the x-ray experiments shows that
the three types of mosaic blocks necessary for fitting the
specular rod data correspond to the two different island sizes
observed by AFM, and to the depleted regions inbetween the
islands. The complementary information derived from the
AFM and the x-ray experiments leads to the following de-
scription of the partial dewetting of PTCDA/Ag~111!, sche-
matically shown in Fig. 8. The epitaxial PTCDA film
smoothens during annealing up to approximately 350 K, and
the islands develop facets. During further annealing, the film
dewets partially. The substrate is covered by a wetting layer
of approximately 1–3 ML, islands with a height h similar to
the initial film thickness, d, and islands with h’3d . The two
types of islands have different lattice constants and stay crys-
talline up to the desorption. The thermal expansion of both
island types is a’51.060.231024 K21 which is similar to
the thermal expansion of the high-temperature films with
a’51.0560.0631024 K21. For Ta*400 K, the island size
distribution appears to be stable on the time scale studied.
The thermal instability of the smooth film can be ex-
plained by several energetic contributions: The decrease of
the surface energy by developing energetically favored fac-
ets, the decrease of the total energy of an island by increasing
its volume and minimizing its surface ~similar to observa-
tions made for PTCDA/glass!,10 and the decrease of energy
by increasing the ratio of the energetically favored poly-
morph. The first two aspects show directly in the morphol-
ogy change, while the third aspect is supported by the fact
that the high islands have a lower out-of-plane lattice con-
stant than the low islands. The difference between the lattice
constants corresponds to the difference between the a and
the b phase, and the smaller lattice constant of the high is-
lands corresponds to the a polymorph energetically favored
in the bulk.
FIG. 8. Model for the partial dewetting. ~a! The as-grown film with Tg
&350 K is smooth with a slightly corrugated surface. ~b! During annealing
up to Ta&350 K, the film evolves into small islands with a smooth surface
on top of a wetting layer. ~c! During further annealing, a fraction of the film
forms large islands, and the area covered only by the wetting layer increases,
while the remaining film is stable. AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Tg&350 K, the films grown at Tg*350 K ~showing an island
morphology! seem to be stable upon annealing for several
hours although the island distribution might change during a
longer-time annealing. The island morphology developed
during the annealing of a smooth film seems to be related to
the as-grown island morphology since the facets of both
structures are similar, as well as the thickness of the wetting
layer between the islands. Furthermore, the transition tem-
perature from a smooth film to a partially dewetted surface is
comparable to the transition temperature deduced from the
transition of the as-grown smooth films to crystallites on a
wetting layer. This suggests that both processes are deter-
mined by the same energy barrier, E. Based on this, we pro-
pose the following model. The initially smooth, metastable
film is formed as a consequence of growth conditions far
away from thermal equilibrium. For Ta&350 K, the surface
mobility is limited by E, and the only possible route for the
energy minimization is the generation of facets similar to the
as-grown crystallites. For Ta*350 K, the barrier can be
overcome and high islands can grow.
While some of the PTCDA islands grow with increasing
Ta , others disappear. We assume that the shrinking is con-
trolled by surface diffusion. Most likely, the molecules from
the top ~102! surface diffuse to other islands since, at this
surface, the molecules of the topmost plane do not overlap. It
has been experimentally observed that the morphology is
inhomogenous at high Ta . This indicates that not all of the
low islands shrink with the same probability. The shrinking
could be influenced by local effects including the substrate
morphology, the influence of the island shape, the epitaxial
orientation, and the crystalline structure of neighboring
islands.
Morphology changes similar to the ones observed for
PTCDA have been reported for several inorganic thin films.
For instance, similar to the system PTCDA/Ag~111!, Mn/
Fe~001! prefers the Stransky–Krastanov growth mode for
substrate temperatures higher than the transition region. For
these films, it has also been observed that smooth metastable
films grown at temperatures below the transition region par-
tially dewet upon annealing.21
For the high-temperature films, an anisotropic thermal
expansion, parallel and perpendicular to the molecular plane,
has been observed. The linear thermal expansion coefficient
of Ag in the temperature range studied here is approximately
231025 K21, which is smaller than the in-plane thermal
expansion coefficient of bulk PTCDA. Moreover, the ob-
served in plane unit cell is rectangular, as expected from a
relaxed bulk structure, while epitaxial strain is expected to
induce deviations from the rectangular unit mesh. This indi-
cates that the observed thermal expansion is not dominated
by lattice clamping. In addition, the thermal expansion coef-
ficients measured on the thin films are similar to the bulk
data. The anisotropic thermal expansion is typical for planar
molecules and has also been observed, e.g., for several
TCNQ salts5 and oligothiophenes.22Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject toV. SUMMARY AND CONCLUSIONS
It has been observed that comparatively smooth PTCDA
films deposited on Ag~111!, at growth temperatures lower
than approximately 350 K, are metastable. The temperature-
induced transition to a partially dewetted morphology seems
to be related to the morphology transition of as-grown films
as a function of the growth temperature.
Metastable metal films of a similar type are known to
grow under growth conditions far from thermal equilib-
rium.23 This observation indicates that the basic principles of
organic and metal thin films exhibit certain similarities. The
metastability of ~organic! thin films is of great technical rel-
evance since it limits the operational conditions for thin-film
devices before degradation, but may be also used to tailor
lateral structures, such as, e.g., quantum dots.6
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